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Nucleosome-to-protamine exchange during mam-
malian spermiogenesis is essential for compaction
and protection of paternal DNA. It is interesting
that, depending on the species, 1% to 15% of nu-
cleosomes are retained, but the generalizability
and biological function of this retention are un-
known. Here, we show concordantly in human and
bovine that nucleosomes remained in sperm chro-
matin predominantly within distal intergenic regions
and introns and associated with centromere repeats
and retrotransposons (LINE1 and SINEs). In
contrast, nucleosome depletion concerned particu-
larly exons, 50-UTR, 30-UTR, TSS, and TTS and
was associated with simple and low-complexity
repeats. Overlap of human and bovine genes exhib-
iting nucleosome preservation in the promoter and
gene body revealed a significant enrichment of
signal transduction and RNA- and protein-process-
ing factors. Our study demonstrates the genome-
wide uniformity of the nucleosome preservation
pattern in mammalian sperm and its connection to
repetitive DNA elements and suggests a function
in preimplantation processes for paternally derived
nucleosomes.
INTRODUCTION
Mature spermatozoa are preeminently characterized by a highly
condensed inactive chromatin, which is generated during sper-
miogenesis by gradual replacement of normally DNA-bound
nucleosomes, first by transition nuclear proteins (TNPs), and
finally, by small basic arginine-rich proteins called protamines
(Balhorn, 2007). The main biological impact of this process is
to package the paternal genome into a tight structure, preserve
its integrity, and make it transportable within a highly dynamic
and compact sperm cell.DIt is interesting that, although the nucleosome-to-protamine
exchange in mammalian sperm happens in a genome-wide
comprehensive manner, some nucleosomes remain. Residual
nucleosomes are retained in mature ejaculate spermatozoa,
ranging from 1% of the whole nuclear protein in the mouse (Bal-
horn et al., 1977) to over 50% in some marsupial species (Soon
et al., 1997). Human sperm chromatin contains reportedly
approximately 15% nucleosomes (Bench et al., 1996; Gatewood
et al., 1987). Nucleosomes in spermatozoa consist of remnant
canonical histones (H2A, H2B, H3, and H4)—which exhibit
various covalent modification, especially at H3 and H4—and
testis-specific histone variants (e.g., hTSH2B/TH2B, H1t) (Gate-
wood et al., 1990; Kimmins and Sassone-Corsi, 2005; Li et al.,
2005). It is interesting that studies in mouse and human have
shown that sperm-specific histone variants are significantly
less stable than those composed of canonical histones (Gonza´-
lez-Romero et al., 2008; Govin et al., 2007). Therefore, incorpo-
ration of histone variants is believed to open the chromatin and
form unstable nucleosomes that constitute preferential targets
for nucleosome disassembly and displacement. Specifically,
TH2B recently has been suggested in mouse (Montellier et al.,
2013) to direct the final transformation of dissociating nucleo-
somes into protamine-packed structures and, therefore, to
play a key role in the histone-to-protamine packing of the male
genome.
Another process during spermiogenesis is genome-wide
histone hyperacetylation. Addition of acetyl groups to lysine
residues located at the amino-terminal end of histones shifts
the basic state of histones to neutral, decreasing the affinity of
histones for DNA and allowing protamines to interact with DNA
(Oliva et al., 1987). In elongating spermatids, where DNA replica-
tion and transcription have already stopped, the histones are
highly acetylated. A recent study (Gaucher et al., 2012) has
further shown that, in elongating spermatids, a single member
of the double bromodomain BET factors, Brdt, can interact
with acetylated histones and mediate between histone removal
and TNP assembly. Also, in the context of histone hyperacetyla-
tion, proteasomes containing the activator PA200/Blm10 could
then specifically target the core histones and catalyze their
polyubiquitin-independent degradation (Qian et al., 2013). With
the appearance of TNPs, the acetylation signal graduallyevelopmental Cell 30, 23–35, July 14, 2014 ª2014 Elsevier Inc. 23
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(Hazzouri et al., 2000).
The phenomenon of nucleosome retention in the mammalian
sperm genome has triggered lively debate in recent years and
raised various questions regarding the functional impact of
sperm nucleosomes. Pioneering studies applying chromatin
immunoprecipitation (ChIP) in human and mouse sperm and
focusing on gene ontology (GO) have shown that different post-
translational histone modifications (e.g., H3K4me3, H3K4me2,
H3K27me3) are present in promoters of genes relevant for early
developmental programming (Brykczynska et al., 2010; Ham-
moud et al., 2009) and that regions of increased endonuclease
sensitivity in human sperm are closely associated with regulatory
regions, including promoters and sequences recognized by
CCCTC-binding factor (Arpanahi et al., 2009). A recent study
using ChIP evaluated the occurrence of different histone variants
in sperm in a genome-wide manner, showing that sperm nucle-
osomes appear in CpG-rich sequences that lack DNA methyl-
ation (Erkek et al., 2013). However, Meyer-Ficca et al. (2013),
who used fluorescence in situ hybridization, gave a first hint
that a large part of the histone-associated sperm genome is
repetitive in nature.
Repetitive DNA elements are generally classified into five
categories: simple repeats, tandem repeats, processed pseudo-
genes, segmental duplications, and interspersed repeats (trans-
posons) (Lander et al., 2001). The transposons consist of short
and long interspersed nuclear elements (SINEs and LINEs,
respectively), long terminal repeats (LTRs), and DNA transpo-
sons. LINEs and SINEs form the biggest fraction of human inter-
spersed repeats by far (Smit, 1996). Higher eukaryotic genomes
contain a relatively greater abundance of repetitive sequences
than coding DNA, and the differences between those two com-
ponents have become greater through animal evolution, ranging
from almost equal in Caenorhabditis elegans (16.5% versus
14%) (Stein et al., 2003) to repetitive sequences becoming
predominant in mouse (40% versus 1.4%) (Waterston et al.,
2002) and human (>50% versus 1.2%) (Lander et al., 2001).
Applying a sensitive strategy, a recent study suggested that
the human genome consists of up to 66%–69% of repetitive or
repeat-derived sequences (de Koning et al., 2011). Investiga-
tions regarding the function of this so-called ‘‘dark matter’’ of
the genome have been reported for decades, but our knowledge
remains fragmented. Because repetitive DNA elements occupy
the majority of the mammalian genome, it is logical to investigate
their behavior or participation in terms of establishment of sperm
chromatin and nucleosome retention.
Here, we aimed to obtain a genome-wide overview of nucleo-
some distribution in mammalian sperm chromatin in the context
of major repetitive DNA elements. We focused on intact octamer
nucleosomes comprising 146-base-pair (bp) lengths of DNA.
Our main goals were to understand the regularities of nucleo-
some retention in sperm and to clarify to what extent this process
underlies a generalized framework and has a biological function.
Therefore, we investigated in parallel two mammals, human and
bovine. To consider all occurring nucleosomes and to incorpo-
rate previous conceptualizations, we avoided DNA-enrichment
protocols such as ChIP. We isolated the 146-bp mononucleoso-
mal DNA, deep sequenced it, and evaluated the data directly
with appropriate computational tools (Treangen and Salzberg,24 Developmental Cell 30, 23–35, July 14, 2014 ª2014 Elsevier Inc.2012). Our analysis included comparison of all putative nucleo-
some-binding sites in human and bovine sperm genomes for
different elements: repetitive DNA elements, noncoding DNA
(distal intergenic and intron), coding DNA, and known functional
DNA elements (gene promoter, 50-UTR [untranslated region], 30-
UTR, transcriptional start site [TSS], and transcriptional termina-
tion site [TTS]).
RESULTS
Validation of the Nucleosomal Fraction Isolated from
Human and Bovine Sperm
Experimental protocols established on sperm cells (Hammoud
et al., 2009; Zalenskaya et al., 2000) allowed us to separate the
nucleosome- and protamine-associated chromatin in human
and bovine sperm and, subsequently, extract DNA and proteins
from the nucleosomal fraction (Figure 1). In analyzing the total
DNA from the nucleosomal fractions isolated in different experi-
ments on an agarose gel, we noted that, frequently, in addition to
the expected 146-bp mononucleosomal DNA fragment and its
multiples (146 3 n), respectively, high- and low-molecular
(60 bp) DNA was also present (Figure 1C, gels on left). Thus,
we cleaned up the 146-bp mononucleosomal DNA before its
use for high-throughput sequencing (Figure 1C, gels on right).
Percentage of Nucleosome-Bound DNA in Human and
Bovine Sperm
Analyzing the human pooled sperm sample from four fertile
donors, we found 132,322 putative nucleosome-binding sites
covering 95 million nucleotides and constituting 2.9% of the
paternal genome. These data suggest that, on average, 97.1%
of the human sperm genome is nucleosome-free, packed solely
into protamines. The human sperm sample from one fertile donor
showed 99,626 putative nucleosome-binding sites covering
147 million nucleotides and constituting 4.8% of the paternal
genome. Bovine sperm samples from two fertile animals showed
362,779 and 298,999 putative nucleosome-binding sites
covering 17% and 14% of the paternal genome, respectively.
Overlap of these two bovine experiments revealed 285,175
identical nucleosome-binding sites covering 355 million nucle-
otides and constituting 13.4% of the paternal genome. Thus, on
average, 86.6% of the bovine sperm genome is nucleosome-
free, packed solely into protamines.
To depict the average distribution pattern of nucleosome-
binding sites in sperm, we present here only those data gener-
ated using the human pooled sample and by overlap of the
two single sequencing experiments on two bovine replicates.
Data from individual experiments are all given in the Supple-
mental Information available online.
Distribution of Nucleosome-Binding Sites in Individual
Chromosomes
At first glance, nucleosome-binding sites appeared to be evenly
scattered along the chromosomes in both human and bovine
sperm (Figure S1). Analyzing the percentage of nucleosome-
binding sites on individual chromosomes, we found in human
sperm a remarkable enrichment of nucleosomes, particularly in
chromosomes 17, 19, X, and Y (Figure S1A). In contrast, a
remarkable depletion of nucleosomes in human sperm was
Figure 1. Preparation of Mononucleosomal DNA from Human and Bovine Sperm
(A) Workflow for isolation and separation of soluble nucleosomal and insoluble protamine fractions from sperm cells with subsequent isolation and analysis of
protein and DNA.
(B) Western blot analysis of nucleosomal and protamine fractions using histone 3 antibody. *According to provider’s protocol, the predicted size of histone 3, 15
kD, can be shifted to 17 kD due to, e.g., posttranslational modifications.
(C) Separation of the total DNA isolated from the nucleosomal fractions of human and bovine sperm on 2% agarose gel (gels on the left: before clean-up) with a
subsequent clean-up of the 146 bpmononucleosomal DNA in order to avoid contaminations with high-molecular protamine-descendant DNA and low-molecular
subnucleosomal DNA (gels on the right: after clean-up).
See also Figure S1.
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sperm, the X chromosome exhibited a strong enrichment, and
the Y chromosome exhibited a strong depletion of nucleo-
some-binding sites (Figure S1B).
Dependence of Nucleosome Occurrence on Type of
Repetitive DNA Elements
The major portion of the detected nucleosome-binding sites in
the human as well as bovine sperm genome was located in
repetitive DNA (human, 93% of all nucleosome-binding sites;
bovine, 85%). Further detailed analysis of repetitive DNA ele-
ments considering their type (tandem repeats, retrotransposons,
and DNA transposons) revealed their different propensity to pre-
serve nucleosomes.
Preeminently, a significant enrichment of nucleosomes could
be detected in centromere repeats in human and bovine sperm
(Figure 2A; Figure S2A). As for human sperm, centromere
regions of chromosomes were occupied by nucleosomes on
the p arm (e.g., chromosomes 2, 4, 6, 11, or 17), on the q arm
(e.g., chromosomes 5, 16, or 18), or on both arms (e.g., chromo-
somes 1, 3, 8, X, or Y). The localization of functional bovine cen-
tromeres is currently unknown. All the more interesting were the
detected nucleosome-occupied centromere repeats in the
bovine sperm genome in terms of neocentromeres.
Next, we found in the sperm of both species a significant
enrichment of nucleosome-binding sites in LINE1 and SINE,Dtaking into account that the tendency of nucleosome enrichment
in SINEs was clearer in human sperm (Figures 2B.1 and 2B.2). In
contrast, a massive nucleosome depletion was observed in both
human and bovine sperm, particularly in DNA transposons,
LTRs, and low-complexity repeats (LCRs). In human sperm, we
observed additionally a noticeable nucleosome depletion in
LINE2 and in simple sequence repeats (SSRs) (Figures 2B.1
and 2B.2).
Furthermore, CpG methylation analyses within randomly
selected repetitive DNA elements showed DNA hypermethyla-
tion in two out of four LINEs, one out of three SINEs, three out
of four LTRs, zero out of four LCRs, and zero out of three
SSRs (Figure 2C).
Nucleosome Occurrence in Different Functional
Genome Regions
Here, we analyzed the distribution of nucleosome-binding sites
in several well-known functional genome regions such as exons,
50-UTRs, 30-UTRs, gene promoters (3 kb), TSS, and TTS, as
well as those with lesser known functional relevance such as
introns and distal intergenic areas. The majority of evaluated
nucleosome-binding sites in both sperm genomes (human,
56.4%; bovine, 80.2%) were enriched in the distal intergenic
regions (Figures 3A.1 and 3B.1). An intense nucleosome deple-
tion was observed in human and bovine sperm, particularly
within exons, 50-UTRs, and 30-UTRs. Introns and promoterevelopmental Cell 30, 23–35, July 14, 2014 ª2014 Elsevier Inc. 25
Figure 2. Distribution of Nucleosome-Binding Sites in Repetitive DNA in Human and Bovine Sperm
(A) IGV screenshots demonstrating enrichment of nucleosome-binding sites in centromere repeats (highlighted boxes) of chromosomes 2, 5, and X in human
sperm (detected peaks represent retained nucleosomes; genes and repetitive sequences occurring in the depicted genome regions are indicated).
(B.1 and B.2) Genome-wide distribution of nucleosome-binding sites among themajor classes of repetitive DNA elements in human (B.1) and bovine sperm (B.2).
Proportions of nucleosome-binding sites expected at a random distribution were compared to de facto detected proportions, and p values were calculated (*p <
1E-10, probability test in R). DNAt, DNA transposons.
(C) Analysis of CpG methylation in major types of repetitive DNA elements in bovine sperm by COBRA. In vitro SSSI-treated DNA was used as a methylated
control. Abbreviations: M, 100 bp marker; +, digestion with CG-specific enzyme; , mock digestion.
See also Figure S2.
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but not as distinct, nucleosome depletion (Figures 3A.1 and
3B.1). The average profiles of nucleosome-binding sites in
both species demonstrated the absence of retained nucleo-
somes in TSS (Figures 3A.2 and 3B.2) and TTS (Figures 3A.3
and 3B.3). Average concatenated exons in human and bovine
sperm showed nucleosome-depletion profiles (Figures 3A.4
and 3B.4), whereas average concatenated introns showed
nucleosome-enrichment profiles (Figures 3A.5 and 3B.5).
Nucleosome-Preserving and Nucleosome-free Genes in
Human and Bovine Sperm and Their Functional Impact
Distribution analyses in intragenic areas (3 kb promoter and
gene body) revealed that 66.1% of all genes in human sperm
(n = 18,751 gene IDs) and 74.7% of all genes in bovine sperm26 Developmental Cell 30, 23–35, July 14, 2014 ª2014 Elsevier Inc.(n = 11,236 gene IDs) preserved nucleosomes in the gene
body and/or promoter (Figure 4A). GO enrichment analyses of
nucleosome-preserving genes in human and bovine sperm
(Table S1) and of overlapping human and bovine nucleosome-
preserving genes (n = 4,735) revealed a significant enrichment
of factors relevant for signal transduction, protein processing,
mitochondrial function, and the endomembrane system (Fig-
ure 4B, left box; Table S1). Further separate analysis of genes
exhibiting nucleosome-binding sites in promoter regions (n =
3,394 in human sperm; n = 4,044 in bovine sperm) showed
that 37% in human and 39% in bovine had CpG island pro-
moters (Figure 5A). Functional annotation of overlapping human
and bovine genes with nucleosome-preserving promoters (n =
737) revealed a significant enrichment of factors primarily rele-
vant for RNA and protein processing (Figure 5B; Table S1).
Figure 3. Distribution of Nucleosome-Binding Sites in Distal Intergenic and Intragenic Regions of Human and Bovine Sperm Genome
Human sperm genome regions are described in (A) panels; bovine sperm genome regions are described in (B) panels.
(A.1 and B.1) Proportions of nucleosome-binding sites expected at a random distribution in different functional genome regions (left pie charts) were compared to
de facto detected proportions (right pie charts) (*p < 1E-50; n.s., not significant).
(A.2 and B.2) Average profile of nucleosome enrichment at TSSs in genomes of human and bovine sperm.
(A.3 and B.3) Average profile of nucleosome enrichment at TTSs in genomes of human and bovine sperm.
(A.4 and B.4) Average profile of nucleosome enrichment in concatenated human and bovine exon.
(A.5 and B.5) Average profile of nucleosome enrichment in concatenated human and bovine intron.
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promoters and gene bodies are demonstrated in Figure S2B,
using the example of the bovine genes ILF2, PDCD5, and
SMOC2.
The remaining genes, 33.9% in human and 25.3% in bovine
sperm, were nucleosome-free in the entire promoter and gene
body; i.e., these genes were occupied solely by protamines.
GO enrichment analyses of nucleosome-free genes in human
and bovine sperm (Table S2) and of overlapping human and
bovine nucleosome-free genes (n = 1,437) revealed a significant
enrichment of factors relevant for cell fate commitmentsystem
and organ development and morphogenesis, response, and
regulation of transcription (Figure 4B, right box; Table S2). Of
note, among the nucleosome-free genes, we found in sperm of
both species a significant enrichment of HOX genes. Screen-
shots from the Integrated Genomics Viewer (IGV) showing
alignment data demonstrate nucleosome depletion in all HOX
clusters (Figure 6, human sperm; Figure S3, bovine sperm).DAssociation of Putative Nucleosome-Binding Sites in
Human Sperm with Sperm DNA Methylation Data
Here, we matched the nucleosome data generated in human
sperm in our study with human sperm DNA methylation data
published by Krausz et al. (2012). The number of gene hits be-
tween these two studies was 11,774; i.e., for that many genes,
we had effectively matched data regarding putative nucleo-
some-binding sites and DNA methylation. Krausz et al. showed
that 86% of all analyzed CpG sites (n = 485,317) in human sperm
are either severely hypomethylated (<20%) or strongly hyperme-
thylated (>80%) and provided applicable methylation data in six
gene regions: TSS1500, TSS200, 50-UTR, 1.Exon, Body, and 30-
UTR. Accordingly, we considered two sperm-specific categories
of DNA methylation level (HYPO versus HYPER) in these regions
and evaluated whether nucleosome preservation is associated
with CpG methylation level. First, we analyzed the nucleosome
occurrence in the 3 kb promoter and DNA methylation status
in different gene regions and found an association betweenevelopmental Cell 30, 23–35, July 14, 2014 ª2014 Elsevier Inc. 27
Figure 4. Distribution of Nucleosome-Binding Sites in Human and Bovine Sperm Genome, –3 kb Promoters Included, and Analysis of GO
Enrichment of Nucleosome-Enriched and Nucleosome-free Genes
(A) Comparison of the proportions of human and bovine genes regarding the four color-coded nucleosome-preserving patterns in sperm.
(B) GO enrichment analyses of functional annotated orthologous genes that were either nucleosome enriched (*genes exhibiting putative nucleosome-binding
sites in promoter and/or gene body) or nucleosome-free (**genes without any nucleosome-binding sites in either the promoter or gene body) in both human and
bovine experiments. TOP4 classes of highly enriched GO terms are specified.
See also Tables S1 and S2.
Developmental Cell
Nucleosome Preservation Pattern in Mammalian Spermnucleosome preservation in the promoter and promoter hypo-
methylation in TSS1500 (p = 0.003, Pearson’s chi-square test)
(Figure 7A). Next, we analyzed the nucleosome occurrence in
gene bodies (region from TSS to 30-UTR) and DNA methylation
status in different gene regions and revealed a highly significant
association between nucleosome preservation in gene bodies
and CpG hypomethylation in TSS1500, TSS200, and 1.Exon
(p < 0.001, Pearson’s chi-square test) (Figure 7B). Moreover,
we found an association between nucleosome preservation in
gene bodies and CpG hypermethylation in 30-UTR (p < 0.001,
Pearson’s chi-square test) (Figure 7B). In other words,
nucleosome-enriched genes significantly more often exhibited
hypomethylated promoters and hypomethylated 1.Exons in
comparison to nucleosome-depleted genes.28 Developmental Cell 30, 23–35, July 14, 2014 ª2014 Elsevier Inc.Considering the latter result, we selected human genes with
the highest nucleosome coverage in sperm (promoter >20%,
gene body >30%) that exhibited hypomethylated TSS1500,
TSS200, and 1.Exon. We identified a total of 287 genes, which
were then analyzed according to their common functional anno-
tation. The most enriched cluster comprised factors relevant for
RNA processing and splicing and mRNAmetabolism (Figure 7C,
together with key enriched candidate genes).
Methylation Analysis of Selected CpG Island Promoters
To confirm genome-wide association data regarding nucleo-
some occurrence and DNA methylation status on a single
gene-locus level, we performed methylation analyses in CpG
island promoters of some selected genes in bovine sperm.
Figure 5. Analysis of Human and Bovine Gene
Promoters Exhibiting Nucleosome-Binding
Sites
(A) Comparison of the proportions of human and
bovine nucleosome-preserving promoters regarding
their CpG island status.
(B) Overlap of human and bovine functional anno-
tated orthologous genes exhibiting putative nucleo-
some-binding sites in promoters (3 kb). TOP4
classes of highly enriched GO terms in both human
and bovine are specified.
See also Table S1.
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ducted preliminarily to obtain overviews of promoter methylation
statuses in a rapid and economic way (Figure S4). To note here,
COBRA data can give a valid statement only about CpGs located
in the enzyme-specific restriction site, which is usually a small
fraction of all CpGs. Hence, bisulfite sequencing was then per-
formed for a number of promoters to obtain a detailed picture
regarding single CpG sites (Figure 8). Among randomly selected
nucleosome-rich genes with an average nucleosome coverage
of 41% (in the promoter and gene body), only 1% of evaluated
CpG sites were methylated (Figure 8A). Among randomly
selected genes with an average nucleosome coverage of 18%
(promoter and gene body), 3.9% of all evaluated CpG sites
were methylated (Figure 8B). Among randomly selected genes
without any nucleosomes in the entire promoter and gene
body, 5.3% of all evaluated CpG sites were methylated (Fig-
ure 8C). Furthermore, we also analyzed bovine imprinting genes
(Tveden-Nyborg et al., 2008) exhibiting CpG island promotersDevelopmental Cell 30(Figures 8D and S4E). In accordance
with generally accepted knowledge, only
maternally expressed genes exhibited
intensely methylated CpG promoters in
sperm, whereas paternally expressed
genes were unmethylated (Figure 8D).
DISCUSSION
Our current understanding of nucleosome
retention in human mature spermatozoa is
today dominated largely by findings from
Hammoud et al. (2009), according to
which the sperm nucleosomes (H3K4me2,
H3K4me3, and H3K27me3) are enriched
at loci of imprinted gene clusters, microRNA
clusters, HOX clusters, and promoters of
stand-alone developmental transcription
and signaling factors. Because the activa-
tion of the mentioned clusters/genes from
the paternal allele has not been proved yet
in early postfertilization processes, how-
ever, it is still a matter of debate. Later
studies have provided hints that nucleo-
somes remain preferentially in GC-rich
regions, which associate with DNA-methyl-
ation-free regions in the embryo (Vavouriand Lehner, 2011), and that a large part of the histone-associ-
ated sperm genome is repetitive in nature (Meyer-Ficca et al.,
2013). To clarify whether nucleosome retention in mammalian
sperm underlies a generalized framework and to elucidate the
biological impact of nucleosome preservation in a genome-
wide manner, we analyzed in parallel two mammals (human
and bovine), respecting all putative nucleosome binding regard-
less of histone modifications. Our results revealed several
aspects and complement and support data on the sperm meth-
ylome (Krausz et al., 2012; Molaro et al., 2011) and early embryo
transcriptome (Xue et al., 2013), respectively, improving our
knowledge about the impact of nucleosome preservation in
sperm.
Our data show that, on average, 2.9% of the human and
13.4%of the bovine sperm genome is packed into nucleosomes;
i.e., the remaining part is packed in protamines. Hammoud et al.
(2009) reported a similar value for human sperm (4%). One of
our main observations in human and bovine sperm was the, 23–35, July 14, 2014 ª2014 Elsevier Inc. 29
Figure 6. Nucleosome Depletion within HOX Gene Clusters in Human Sperm
IGV screenshots demonstrating the absence of nucleosome-binding sites inHOX genes among theHOXA,HOXB,HOXC, andHOXD clusters (highlighted boxes)
in human sperm. Detected peaks represent retained nucleosomes. Genes and repetitive sequences (Rep. seq.) occurring in the depicted genome region are
indicated.
See also Figure S3.
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elements—namely, centromere repeats, LINE1, and SINE. The
potential functional mechanism of centromere-specific H3-like
protein A (CENP-A) in sperm has been highlighted in Drosophila,
targeting the CENP-A homolog known as CID. Dunleavy et al.
(2012) found that CID contributes to the normal progression
through male meiosis and is present in mature sperm. Further-
more, Raychaudhuri et al. (2012) demonstrated that sperm-
derived CID remains associated with paternal centromeres
during postfertilization chromatin remodeling and male pronu-
cleus formation, followed by equal distribution on to sister cen-
tromeres during the first S phase. These findings in Drosophila
provide a complete functional chain for centromere-specific
nucleosomes, from spermatogenesis through early embryogen-
esis, and emphasize their ‘‘template-governed’’ character. It is
also known that, in sperm and oocyte, the centromeres are
hypomethylated (Molaro et al., 2011; Yamagata et al., 2007).
This epigenetic signature of centromeres seems to be important
for discrimination between germ and somatic cell lineages. It is
interesting that, similar to centromeres, LINE1 and SINE were
also shown to be hypomethylated in sperm (Molaro et al.,
2011). In general, retrotransposons are suggested to function
as regulatory units for host genes and to be important in the evo-
lution of the transcription factor binding repertoire (Jacques
et al., 2013; Jordan et al., 2003; Lippman et al., 2004; van de La-
gemaat et al., 2003).
In terms of development, Peaston et al. (2004) showed that
retrotransposons can regulate host genes in mouse preimplan-
tation embryos by providing an alternative 50-exon to several
transcripts. Remarkably, LINE1 is the only actively transcribed30 Developmental Cell 30, 23–35, July 14, 2014 ª2014 Elsevier Inc.and evolutionarily ‘‘youngest’’ subfamily of interspersed
elements. From Drosophila, it is known that LINE1 RNA inte-
grated back into the DNA builds tight bonds to nucleosomes
and is an essential structural and functional component of core
neocentromeric chromatin (Chueh et al., 2009). A very recent
study (Fadloun et al., 2013) demonstrated in mouse embryos
that LINE1 becomes reactivated from both parental genomes
shortly after fertilization in zygotes but strongly decreases be-
tween the two-cell and eight-cell stages. SINE is, likewise, an
essential part of core neocentromeric chromatin. SINE-B1 and
SINE-B2 regulate gene expression in their vicinity (Este´cio
et al., 2012, Ting et al., 2011), and the developmentally regulated
activation of SINE-B2 has been suggested as a domain bound-
ary in organogenesis (Lunyak et al., 2007).
The majority of putative nucleosome-binding sites (95.4% in
human and 98.2% in bovine sperm) were located in distal inter-
genic and intron regions. In contrast, a significant depletion of
nucleosomes could be identified in sperm of both species,
particularly in exons, in the majority of promoters, 50-UTRs,
30-UTRs, TSSs, and TTSs. The fact that important regulatory
regions and coding DNA are more thoroughly freed from nucle-
osomes and, thus, are more safely packaged into protamines
appears intuitive. We infer that preserved nucleosomes, which
are largely scattered within introns and intergenic regions, are
not critical for paternal genome integrity.
Genes residing in nucleosomal chromatin are assumed to un-
dergo earlier transcriptional activation in comparison to genes
that reside in protamine-occupied chromatin (Gardiner-Garden
et al., 1998). Analyzing the retention of nucleosomes in unique
genome regions in human and bovine sperm, we found that in
Figure 7. Matching Analysis of Our Data Regarding Intragenic Nucleosome Occurrence in Promoters, –3 kb, and Gene Bodies to Human
Sperm DNA Methylation Data
According to Krausz et al. (2012), we considered two sperm-specific categories of DNA methylation level (HYPO: < 20% and HYPER: > 80%) in six gene regions
(TSS1500, TSS200, 50-UTR, 1.Exon, Body, and 30-UTR).
(A) Association of nucleosome-preservation status in gene promoters with CpG methylation level in different gene regions (number of genes and p values
calculated using Pearson’s chi-square test are given).
(B) Association of nucleosome-preservation status in gene bodies to CpG methylation level in different gene regions (number of genes and p values calculated
using Pearson’s chi-square test are given).
(C) Heat map of genes exhibiting the highest density of nucleosome preservation in promoter and gene body (nucleosome coverage: promoter > 20%, gene
body > 30%) and showing CpG hypomethylation in TSS1500, TSS200, and 1.Exon (green areas of the heatmap represent a positively reported association
between gene and term (DAVID); black areas represent gene–term associations not reported yet).
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some-free (33.9% in human and 25.3% in bovine sperm) and
nucleosome preserving. Among nucleosome-preserving genes,
different categories have been delineated: genes with nucleo-
some preservation exclusively in gene bodies (48% in human,
38.7% in bovine), exclusively in promoters (6.3% in human,
10.4% in bovine), and in both (11.8% in human, 25.6% in
bovine). Matching the results of our human nucleosome distribu-
tion data with human sperm methylome data published by
Krausz et al. (2012) revealed that genes exhibiting putative
nucleosome-binding sites in their promoter and gene body
were significantly more often hypomethylated in promoter and
1.Exon in comparison to nucleosome-free genes. Our bisulfite
sequencing in randomly selected nucleosome-rich promoters
also confirmed their hypomethylated state.
Nucleosome retention in sperm is linked to the establishment
of DNA-methylation-free regions in the early embryo (Vavouri
and Lehner, 2011). The great impact of the sperm methylome
has been highlighted by a recent study on zebrafish (JiangDet al., 2013), showing that early embryos inherited the methyl-
ome solely from the paternal side. However, analyzing genes
exhibiting the highest nucleosome coverage in promoter and
gene bodies and having hypomethylated promoters in human
sperm (n = 287) for common functional relevance, we found a
significant enrichment of RNA-processing factors. Our further
GO enrichment analyses of overlapping human and bovine
genes with putative nucleosome-binding sites in their gene
bodies and promoters revealed a clear prevalence of factors
relevant for signal transduction (e.g., phosphoproteins, GTP-
and ATP-binding proteins), RNA and protein processing, mito-
chondrial function, and membrane organization. Notably, a
recent paper published by Xue et al. (2013) showed that preim-
plantation development in human and mouse embryo proceeds
with a stage-specific gene activation. Accordingly, premajor
zygote genome activation (from zygote to the four-cell stage) in
human embryos is accompanied by transcriptional activation
of factors relevant for protein transport and GTPase signaling.
The first major embryonic genome activation (EGA; up to theevelopmental Cell 30, 23–35, July 14, 2014 ª2014 Elsevier Inc. 31
Figure 8. Bisulfite Sequencing of CpG Island Promoters of Genes Exhibiting Different Contents of Retained Nucleosomes in Bovine Sperm
The percentage of methylated CpGs is given in parentheses.
(A) Genes showing high nucleosome coverage (41%) in sperm exhibited on average 1% CpG methylation in promoters.
(B) Genes showing 18% nucleosome coverage exhibited, on average, 3.9% CpG methylation in promoters.
(C) Genes without any nucleosomes in the entire promoter and gene body (nucleosome coverage, 0%) showed 5.3% CpG methylation in promoters.
(D) Analyzed bovine imprinting genes were, in general, nucleosome-depleted (nucleosome coverage in promoter and gene body, 1%). All paternally expressed
genes were identified in sperm unmethylated promoters, whereas maternally expressed genes were 100% methylated (maternally expressed: H19 andMEG3;
paternally expressed: MEST, NAP1L5, PEG10, IGF2, and NNAT).
See also Figure S4.
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relevant for transcriptional regulation, RNA processing, and
ribosome biogenesis. The second major EGA (up to blastocyst)
is accompanied by the activation of factors relevant for transla-
tion and mitochondrial function (Xue et al., 2013). Comparing
data from Xue et al. with our data, we see a great concordance
between nucleosome-preserving genes in human sperm and
genes activated in preimplantation development. Hence, we
suggest that nucleosome-preserving genes in sperm are rele-
vant for the ‘‘embryogenesis initializing program.’’ With both
species showing the same GO-enrichment profile among nucle-
osome-preserving genes, an interspecies consistency could be
expected here.
Remarkably, among human as well as bovine nucleosome-
free genes, we found a significant enrichment of HOX genes.
Detailed analysis of mapping results in eachHOX cluster showed
in sperm of both species an absence of putative nucleosome-
binding sites. HOX genes are characterized by an evolutionarily32 Developmental Cell 30, 23–35, July 14, 2014 ª2014 Elsevier Inc.conserved DNA homeobox that encodes a DNA-binding protein
domain. These genes play a crucial role in embryonic patterning
and cell differentiation (Booth and Holland, 2007), are abundant
in simple sequence and LCRs (Huang et al., 2009; Mainguy et al.,
2007), and are organized in mammalian genomes as gene clus-
ters. It has been suggested that a HOX cluster containing high-
density repeats avoided transposable element insertion during
a long period of evolution and could have been conserved in
this way. Of note, GO analyses of overlapping human and bovine
nucleosome-free genes showed, in addition to HOX genes, a
significant enrichment in factors relevant for system and organ
development, morphogenesis, response (especially inflamma-
tory and defense response and response to nutrient levels),
and regulation of transcription. Appraising the functional impact
of nucleosome-free genes, we grouped them into genes for the
‘‘embryogenesis executive program,’’ suggesting a postimplan-
tation relevance. Our findings concerning HOX genes are in
contrast to those of a previous study from Hammoud et al.
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Nucleosome Preservation Pattern in Mammalian Sperm(2009), reporting in human sperm an enrichment of H3K4me3 in
HOX clusters. We suggest that, in sperm, functionally relevant
nucleosomes and histone modifications, especially those with
relevance in such fundamental species-overarching processes
as major zygote and embryo activation, would affect the major
part of sperm cells, i.e., should be detectable in the predicted
genome regions by procedures without antibody-enrichment
steps.
Taken together, our results demonstrate the uniformity of the
nucleosome-preservation pattern in mammalian sperm. Centro-
mere repeats, but also LINE1 and SINE, which are known to be
hypomethylated in sperm, are nucleosome enriched. Moreover,
in sperm, a subset of genes exhibits frequent putative nucleo-
some-binding sites, has hypomethylated promoters, and is en-
riched for factors relevant for preimplantation development.
Our gained insights into sperm chromatin encourage an alterna-
tive point of view for upcoming studies regarding the functional
impact of sperm-derived nucleosomes in postfertilization
processes.
EXPERIMENTAL PROCEDURES
Characterization of Analyzed Material
We analyzed sperm samples from two fertile bulls of Holstein-Friesian breed,
acting as biological and experimental replicates, and from four fertile men
(anonymized donors). Human sperm samples were analyzed as a pool of
four samples, and one donor was analyzed as a single probe.
Preparation and Validation of Nucleosomal Fraction
The preparation procedure of the nucleosomal fraction from sperm cells was
adapted from published protocols (Hammoud et al., 2009; Zalenskaya et al.,
2000), with minor modifications. Briefly, to separate nucleosomal and prot-
amine fractions, 10 million sperm cells were diluted in PBS and incubated
with 0.1% lysolecithin. After 10 mM dithiothreitol treatment, freed chromatin
was digested with 20 U microccal nuclease and centrifuged at 10,000 rpm
to separate the nucleosomal (supernatant) from the protamine fraction (pellet)
(Figure 1A).
Fractionation of nucleosomal from protamine-associated chromatin was
verified by western blot analysis (Figure 1B). Therefore, 5 mg of concentrated
protein isolated from each, nucleosomal and protamine fractions, was sepa-
rated on 15% SDS-PAGE and transferred to a polyvinylidene fluoride mem-
brane. After blocking procedure with 5% nonfat dry milk with Tris-buffered
saline, immune detection was performed using anti-histone H3 primary anti-
body (Abcam) and horseradish-peroxidase-conjugated secondary antibody
(Roth). Immunoreactive bands were visualized using enhanced chemilumines-
cent reagent (Thermo Scientific) and X-ray film.
Preparation of 146-bp Mononucleosomal DNA and Sequencing
Total DNA from the nucleosomal fraction was isolated by standard phenol/
chloroform procedure and separated on a 2% agarose gel. The 146-bp mono-
nucleosomal DNA fragment was cleaned up with NucleoSpin Gel and the PCR
Clean-Up Kit (Macherey-Nagel) (Figure 1C).
Subsequently, 100 ng of mononucleosomal DNA was diluted in 10 ml double
distilled water and applied for preparation of the DNA library accordingly to the
providers’ protocol (Library Prep Master Mix Kit, New England Biolabs). High-
throughput sequencing of the 146-bp mononucleosomal DNA fraction was
performed using Genome Analyzer IIx (Illumina). Excepting the pooled human
sperm sample, which was sequenced by paired-end sequencing, all samples
were sequenced by single-end sequencing.
Biostatistical Analyses
The sequencing reads were aligned to the precompiled bosTau7/hg19
genome (bos taurus genome 7 and human genome 19) using Bowtie. For
peak calling, we used the Model-based Analysis for ChIP-Seq. Functional
areas associated with nucleosomal DNA were analyzed by applying theDCis-regulatory Element Annotation System. GO enrichment analyses were
conducted using the Database for Annotation, Visualization, and Integrated
Discovery (DAVID). To test the nucleosome-associated sites in different repet-
itive sequences in functional gene areas, we used the probability test imple-
mented in R.
CpG Methylation Analyses
Sperm cells were initially treated with decondensing buffer and then utilized for
DNA extraction by standard phenol/chloroform procedure. Isolated DNA was
purified using theWizard DNA Clean-Up System (Promega). For bisulfite treat-
ment, 2 mg purified DNA was denatured by 3 M sodium hydroxide and incu-
bated with 3.6 M sodium bisulfite for 15 hr at 56C.
CpG methylation analyses were performed by COBRA and by bisulfite
sequencing (primer sequences are listed in Extended Experimental Proce-
dures). For COBRA, 200 ng bisulfite-treated DNA was amplified using COBRA
specific primers and digested with CpG-sensitive restriction enzymes. Mock
digestion and DNA treated with SSSI-methylase (Fermentas) served as nega-
tive and positive controls, respectively. For bisulfite sequencing, the PCR
products were initially cloned into pGEM-T vector (Promega). After blue/white
selection, positive clones were picked and sequenced using T7 or SP6 primer.
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